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Abstract 
 With a genome composed of a small (246-401 nt), single-stranded, circular RNA, 
viroids are a special class of replicons infecting plants, including some ornamentals, in 
which they may induce specific diseases. In striking contrast to plant viruses, which 
encode proteins mediating their own replication and movement, viroids depend on host 
factors for these purposes and can be regarded as parasites of their host transcription 
machinery. The about 30 known viroids are classified into the families Pospiviroidae, 
type species Potato spindle tuber viroid (PSTVd), and Avsunviroidae, type species 
Avocado sunblotch viroid (ASBVd). PSTVd and ASBVd replicate (and accumulate) in 
the nucleus and the chloroplast, respectively, and the other members of both families 
most likely behave as their type species. Viroids replicate through an RNA-based 
rolling-circle mechanism that entails reiterative transcription of the incoming circular 
template to generate complementary longer-than-unit strands that, by themselves or 
after cleavage and ligation, prime the second half of the cycle finally leading to the 
mature circular forms. Remarkably, processing of the multimeric replicative 
intermediates is catalyzed by hammerhead ribozymes in the family Avsunviroidae. To 
complete their infectious cycle, viroids must recruit host factors for intracellular, cell-to-
cell and long-distance movement within the plant. Viroid-derived RNAs with the typical 
properties of the small interfering RNAs, the hallmarks of RNA silencing, have been 
detected in plants infected by members of both families. This finding indicates that 
viroids are inducers and targets (and perhaps even suppressors) of RNA silencing, a 
regulatory layer that may mediate many aspects of viroid biology including 
pathogenesis. 
 Chrysanthemum stunt was one of the first diseases in which the inciting agent was 
identified as a viroid, Chrysanthemum stunt viroid, a member of the family Pospiviroidae 
that also infects other ornamentals. Chrysanthemum was additionally suspected to host 
a second viroid, although identification and characterization of the corresponding RNA, 
Chrysanthemum chlorotic mottle viroid (CChMVd), a member of the family 
Avsunviroidae, had to wait more than 20 years due to its low accumulation level. There 
are CChMVd non-symptomatic strains that cross-protect against challenge inoculation 
with severe strains, with the pathogenicity determinant mapping at a tetraloop of the 
CChMVd branched conformation. Other viroids infecting ornamentals include 
Columnea latent viroid, Iresine viroid and Coleus blumei viroid 1, 2 and 3, all belonging to 
the family Pospiviroidae. Additionally, a retroviroid-like element has been found in 
carnation. Some ornamental viroids are seed-transmissible. Viroids are usually detected 
by nucleic acid-based techniques (PAGE, molecular hybridization and RT-PCR). 
Control measures include the use of viroid-free propagating material together with the 
regular decontamination of pruning tools. Some viroids can be removed from infected 
material by in vitro micrografting. 
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Introduction 
 Twenty years have elapsed since the first description for this same symposium series of 
viroids and their incidence in ornamentals (Sänger, 1988). I will here update this topic, 
providing a general overview of the structural and functional features of these unique 
replicons, highlighting the role that ornamentals have played in viroid research, and 
describing their most important diseases incited by viroids. 
 
Viroid discovery and general properties 
 Viroids were reported in plants some forty years ago in the course of experiments pursuing 
the identification of the presumed virus inciting a potato disease. However, the causal agent 
turned out to be very different from viruses and was thus regarded as the first member of a 
new class of pathogens for which the name viroid was proposed (Diener, 2003). Soon after 
discovery of Potato spindle tuber viroid (PSTVd) (Diener, 1972), the identification of Citrus 
exocortis viroid (CEVd) (Semancik and Weathers, 1972) and Chrysanthemum stunt viroid 
(CSVd) (Diener and Lawson, 1973) provided additional support for this emerging class. 
Moreover, CSVd displayed in polyacrylamide gels an electrophoretic mobility somewhat 
faster than that of PSTVd, suggesting that different viroids had different sizes. Therefore, 
viroids were associated with ornamentals since the very beginning, an association that has 
been maintained over the years. 
 Viroids are small (246-401 nt, excluding those with sequence repeats), non-protein-coding, 
single-stranded, circular RNAs displaying high auto-complementarity that promotes the 
adoption of a compact folding in vitro and most likely also in vivo (Gross et al., 1978). 
Viroids have been referred to as the non-protein-coding genomes, to remark their striking 
difference with virus genomes that encode one or more proteins of their own. However, 
viroids “code” for a conformation that is recognized and replicated by the host, and some 
express catalytic activity in the form of hammerhead ribozymes (for reviews see Ding and 
Itaya 2007; Flores et al., 2005; Tabler and Tsagris, 2004). 
 The vast majority of the approximately 30 known viroid species belong to the family 
Pospiviroidae, type member PSTVd, and are characterized by having a central conserved 
region (CCR) in their predicted rod-like or quasi-rod-like conformation (Gross et al., 1978), 
whereas the remaining four viroids, which lack a CCR but can form hammerhead stuctures, 
are allocated into the family Avsunviroidae, type member Avocado sunblotch viroid (ASBVd) 
(Hutchins et al., 1986). Moreover, whereas PSTVd replicates and accumulates in the nucleus, 
ASBVd replicates and accumulates in the chloroplast, with the available evidence indicating 
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that this difference is a discriminatory criterion between members of both families. The kind 
of CCR and the morphology of the hammerhead structures serve, in conjunction with other 
criteria, to demarcate genera within each family (Table 1). Additionally, a small viroid-like 
RNA with hammerhead structures in its strands of both polarities has been reported in 
carnation (Hernández et al., 1992). The lack of infectivity observed in a series of transmission 
assays in carnation, and the finding that this circular RNA also exists in carnation as DNA 
tandem repeats fused to DNA sequences of a pararetrovirus (Daròs and Flores, 1995) or of the 
plant genome (Hegedus et al., 2004), has led to consider this peculiar RNA/DNA system as a 
retroviroid-like element. 
 
The viroid infectious cycle 
 Viroid replication is very much determined by the different subcellular compartments in 
which this process takes place. Viroids replicate through an RNA-based rolling circle 
mechanism that entails reiterative transcription of the incoming (+) circular template to 
generate multimeric (-) strands that, by themselves (family Pospiviroidae) or after cleavage 
and ligation (family Avsunviroidae), serve as templates for a second RNA-RNA transcription, 
with the resulting multimeric (+) strands being cleaved and ligated to the final mature 
monomeric form (Branch et al., 1988; Daròs et al., 1994; for a review see Flores et al., 2005). 
There are two remarkable aspects in this context. First, the physiological template of the RNA 
polymerase II and of a nuclear-encoded chloroplastic RNA polymerase —mediating 
replication of members of the families Pospiviroidae and Avsunviroidae, respectively— is 
DNA, with viroids being able to manipulate these enzymes to accept RNA templates. Under 
these circumstances the processivity of RNA polymerases may be negatively affected and 
certain chimeric viroids infecting ornamentals, like Columnea latent viroid (CLVd) 
(Hammond et al., 1989) and Coleus blumei viroid 2 (CbVd-2) (Sänger and Spieker, 1997), 
might have emerged from recombination effects between co-infecting viroids during 
transcription by a “jumping” RNA polymerase. Second, cleavage of the longer-than-unit 
replicative intermediates, and perhaps ligation of the resulting products, is catalyzed by 
hammerhead ribozymes in the family Avsunviroidae —an aspect with deep evolutionary 
implications— whereas both reactions are most likely catalyzed by host enzymes in the 
family Pospiviroidae (for a review see Flores et al., 2005). 
 To complete their infectious cycle, viroids must recruit host proteins for intracellular, cell-
to-cell and long-distance movement within the plant. There are some data on the route and 
structural RNA motifs governing intracellular and intercellular trafficking of PSTVd through 
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plasmodesmata, while information in this respect is absent in the family Avsunviroidae. For 
invading distal plant parts, PSTVd (and presumably the other viroids) flow with 
photosynthetic products through the phloem forming complexes with phloem proteins (for a 
review see Ding et al., 2005). Recent analyses by in situ hybridization have revealed that 
Peach latent mosaic viroid (PLMVd) (Hernández and Flores, 1992), a member of the family 
Avsunviroidae, can invade the shoot apical meristem (Rodio et al., 2007), thus bypassing the 
RNA surveillance system that restricts the access of PSTVd into this compartment (Zhu et al., 
2001). These results establish an additional demarcating difference between two 
representative members of both viroid families, and explain why PLMVd can block the 
developmental program of proplastids into chloroplasts, and why obtaining PLMVd-free 
peach plants by in vitro shoot-tip grafting is very difficult. 
 
Viroid diseases 
 Within the family Pospiviroidae, the host range depends very much on the specific 
member: some, like Hop stunt viroid (HSVd), infect a broad spectrum of herbaceous and 
woody plants including some ornamentals (Sänger, 1988) while others, exemplified by 
Coconut cadang-cadang viroid (CCCVd), are limited to some monocotyledons. The situation 
is different in the family Avsunviroidae because each member is restricted to the natural host 
(and closely related species) in which it was initially reported. The underlying factors 
determining the host range of viroids are unknown but certain plants, like chrysanthemum, 
can sustain the replication of members of both families: CSVd (Diener and Lawson, 1973; 
Haseloff and Symons, 1981) and Chrysanthemum chlorotic mottle viroid (CChMVd) 
(Navarro and Flores, 1997; Romaine and Horst, 1975). 
 Viroid replication is usually associated with symptoms of different severity in leaves, 
stems, bark, flowers, fruits and reserve organs, as well as in the plant growing pattern 
(stunting), an aspect particularly relevant for ornamentals wherein the economic value 
depends to a large extent on their foliar and floral characteristics. Some viroids, however, 
replicate in their hosts without inducing phenotypic alterations (a situation that might be more 
prevalent than anticipated). Moreover, certain viroids may induce symptoms in one host and 
be latent in others, as illustrated by the recent identification of PSTVd and other members of 
its genus in non-symptomatic ornamentals (see below). Within a common host, pathogenic 
and latent strains of the same viroid (i.e. CChMVd) have been reported (see below). Last, but 
not least, viroid accumulation and symptom expression is characteristically favored by high 
temperatures (Carbonell et al., 2008; Sänger and Ramm, 1975), a feature that explains why 
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viroids mainly affect tropical, subtropical and greenhouse crops, and why thermotherapy is of 
limited value for producing viroid-free plants. On the other hand, viroids can be eliminated by 
low temperature treatment and meristem culture (Adams et al., 1996; Lizárraga et al., 1980). 
 Vegetative propagation of infected material is the most efficient means of transmission for 
long-distance dispersion of viroids although some, like Coleus blumei viroid 1 (CbVd-1), are 
seed-transmitted (Singh et al., 1991) and most can be locally spread by pruning implements 
previously contaminated with infected material. Aphid transmission has been only reported 
under specific ecological conditions, and may be favored by encapsidation of the viroid RNA 
by the coat protein of certain aphid-transmissible viruses (Querci et al., 1997). 
 In the context of ornamentals, the two most important viroid diseases are caused by CSVd 
and CChMVd in chrysanthemum. As reflected in its name, one of the conspicuous symptoms 
induced by CSVd is stunting, with reduction of fresh weight, flower diameter and stem length 
particularly noticeable in cultivars flowering in summer. Flowers may also open prematurely 
and leaves usually present pale-white diffuse spots in sensitive cultivars like “Mistletoe” 
(Horst et al., 1977). CSVd also infects, without eliciting visible symptoms, Ageratum spp., 
Argyranthemum frutescens, Dahlia spp., Petunia spp., Solanum jasminoides, and Vinca major 
(Henkel and Sänger, 1995; Menzel and Maiss, 2000; Nakashima et al., 2007; Nie et al., 2005; 
Verhoeven et al., 1998 and 2006) (Table 2). Regarding CChMVd, under optimal growing 
conditions it incites in sensitive chrysanthemum cultivars, like “Bonnie Jean” and “Deep 
Ridge”, foliar symptoms with a defined progression: mild mottling, marked mottling with 
sharply defined yellow and dark-green areas in the next leaves, and complete chlorosis in the 
subsequently developing leaves; late symptoms include dwarfing of flowers and of the entire 
plant, and delay in blossom development (Dimock et al., 1971). Under natural conditions 
chronic symptoms can be confused with nutrient problems and CChMVd-infected plants may 
express leaf chlorosis, recover temporarily, and then again display symptoms. On the other 
hand, there are contradictory reports on whether or not CbVd-1 induces symptoms in its 
natural host, although most coleus cultivars appear to be tolerant. In addition to CSVd, other 
members of the genus Pospiviroid (within family Pospiviroidae), also induce latent infections 
in many ornamentals: PSTVd in S. jasminoides, S. rantonnetii, Streptosolen jamesonii and 
Brugmansia suaveolens (Di Serio, 2007; Verhoeven et al., 2008a and 2008b), CEVd in 
Impatiens and Verbena spp. (Singh and Baranwal, 2006; Singh et al., 2006; Verhoeven et al., 
2008a), CLVd in Columnea sp., Nematanthus wettsteinii and Brunfelsia undulata (Hammond 
et al., 1989; Singh et al., 1992; Spieker, 1996a), Tomato apical stunt viroid (TASVd) in 
Cestrum spp. (Verhoeven et al., 2008a), Tomato chlorotic dwarf viroid (TCDVd) in Petunia 
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hybrida and Verbena spp. (Singh et al., 2006; Verhoeven et al., 2007) and Iresine viroid 
(IrVd) in Vinca major and Verbena spp. (Nie et al., 2005; Spieker, 1996b) (Table 2). HSVd 
(genus Hostuviroid, also within the family Pospiviroidae) has been reported in two 
ornamentals, Hibiscus and Codiaeum (Sänger, 1988) (Table 2). It is possible, therefore, that 
ornamentals could serve as a reservoir for these viroids (Singh and Baranwal, 2006; 
Verhoeven et al., 2004). The pathogenicity of the carnation retroviroid-like element is unclear 
because it has been detected in cultivars with and without symptoms (Hernández et al., 1992; 
Hegedus et al., 2004). 
 
Viroid detection 
 Initially, viroids were detected by the specific symptoms they induce in their natural or, 
when available, indicator hosts, with mild or latent strains being revealed by cross-protection 
assays (see below). However, this is a time- and space-consuming procedure and once the 
molecular structure of viroids was uncovered, nucleic acid-based methodologies were rapidly 
developed. Because the combination of small size, compact folding and circular structure is 
almost unique to viroid RNAs, a detection technique taking advantage of these specific 
properties was set up. For this technique, dubbed double or sequential PAGE (Flores et al., 
1985; Rivera-Bustamante et al., 1986), a fraction enriched in RNAs with high secondary 
structure (usually obtained by chromatography on non-ionic cellulose) is first run through a 
5% non-denaturing polyacrylamide gel together with viroid standards of known size applied 
in the external lanes. Following staining with ethidium bromide, the standards (typically 
CEVd, 371 nt, and ASBVd, 247 nt), serve to delimit a gel segment that is cut and loaded on 
top of a single-well 5% denaturing polyacrylamide gel, in which the circular viroid RNAs are 
characteristically retarded with respect to host linear RNAs of the same size. The second gel 
can be stained with etidium bromide, when sensitivity is not a limiting factor and preservation 
of RNA integrity is desired, or with silver when enhanced sensitivity is demanded. This 
procedure permits routine detection of known viroids and tentative identification of new ones 
(in those cases in which the circular RNA is only observed in affected samples but not in 
parallel healthy controls), and also serves for obtaining purified circular RNA for subsequent 
molecular manipulations. Only in specific instances in which viroid levels in vivo are very 
low, i.e. CChMVd, are more sensitive procedures required (Navarro and Flores, 1997). 
 Nucleic acid-based technologies for detecting viroids comprise molecular hybridization 
(Owens and Diener, 1981) and RT-PCR amplification (Hadidi and Yang, 1990), with many 
variations having been described for specific purposes. Molecular hybridization can be 
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performed with radioactively- or chemically-labeled DNA or RNA probes, and in its most 
simple formats nucleic acid preparations or fresh-cut plant sections are applied to the 
membranes (dot-blot and tissue printing, respectively). This methodology is particularly 
convenient for diagnosis of large number of samples. RT-PCR becomes the choice when 
extreme sensitivity is demanded or when testing particularly valuable material (mother plants 
serving for subsequent propagation), although it is being used more and more as a routine 
technique; in any instance, proper controls must be incorporated to each experiment series to 
exclude false negatives and especially false positives, to which this approach is very prone. 
Two RT-PCR variations are worth mentioning in the viroid context. The first, which uses for 
synthesis of both cDNA strands a primer with a defined sequence at its 5’ moiety and six 
randomized positions at its 3’ terminus, permits the subsequent PCR amplification (using a 
primer with the non-degenerate sequence of the former) and cloning of viroids without any 
previous sequence information (Navarro et al., 1998). The second, which is based on the 
combination to two sets of degenerated primers i.e., pospiI-FW/RE and Vid-FW/RE 
(Verhoeven et al., 2004) for the detection of all known members of the genus Pospiviroid, has 
been applied in ornamental surveys (Verhoeven et al., 2008a). Bostan et al. (2004) have used 
a primer set highly similar to pospiI-FW/RE for surveying ornamentals as well as for 
revealing the presence of PSTVd in all floral parts (Singh, 2006). 
 
Viroid pathogenesis and RNA silencing 
 The viroid genomic RNA, the final and most abundant product of the replication cycle, has 
been generally assumed to be the key inducer of pathogenesis because no viroid-encoded 
proteins are expressed in infected tissues. This RNA, by interfering in an unknown manner 
with the host regulatory machinery, would affect host gene expression and through a signal 
transduction cascade would ultimately lead to the visible symptoms. Dissection of viroid 
genomes has provided support for this hypothesis, because small motifs modulating symptom 
severity have been identified in specific domains of the rod-like secondary structure proposed 
for PSTVd and other members of the family Pospiviroidae, as well as in loops or specific 
insertions of the branched conformation predicted for some members of the family 
Avsunviroidae (for a review see Flores et al. 2005). Specifically, in the context of 
ornamentals, cross-protection experiments (see below) anticipated the existence of a non-
symptomatic (NS) strain of CChMVd. Molecular characterization of this strain disclosed a 
UUUC to GAAA tetraloop substitution with respect to the symptomatic (S) strain, and site-
directed mutagenesis, bioassays and analysis of the resulting progenies showed that this 
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substitution was sufficient to change the S phenotype into NS without altering the viroid titer 
(De la Peña et al., 1999).  
 Discovery of RNA-mediated transcriptional and post-transcriptional gene silencing (TGS 
and PTGS, respectively), like any other scientific revolution, has provided a new framework 
for interpreting and integrating multiple scattered results that include viroid pathogenesis, 
cross-protection (see below) and perhaps even the restricted invasion of the shoot apical 
meristem by most viruses and viroids. PTGS regulates a defensive pathway against viruses 
mediated by small interfering RNAs (siRNAs) generated by one or more dicer-like enzymes 
(DCLs) acting on the genomic viral RNA or its double-stranded replicative intermediates, 
with the resulting siRNAs then being amplified by RNA-dependent RNA polymerases and 
finally transferred to an RNA inducing silencing complex (RISC) that specifically degrades 
their cognate RNAs (Baulcombe, 2004). PTGS additionally regulates plant development 
through a similar pathway, which shares common components with the defensive pathway but 
is mediated by another class of (endogenous) small RNAs (microRNAs, miRNAs). The 
identification of viroid-derived small RNAs (vd-sRNAs) with the characteristic structural 
properties of the siRNAs in plants infected by members of both families (Papaefthimiou et al., 
2001; Itaya et al., 2001; Martínez de Alba et al., 2002; Itaya et al., 2007; Martín et al., 2007) 
strongly suggests that viroid RNAs are targeted by one or more DCLs. Moreover, the 
resulting vd-sRNAs may load and guide RISC against the genomic viroid RNA, thus 
regulating viroid titer (Carbonell et al., 2008). The vd-sRNAs might alternatively act as 
miRNAs and direct RISC against complementary regions of certain host mRNAs, targeting 
them for degradation or translation arrest and ultimately inducing the disease symptoms 
(Wang et al., 2004). This latter hypothesis is provocative because a common mechanism 
would give reason for pathogenesis in both viroid families (as well as in certain satellite 
RNAs), but the presumed host mRNAs have not (yet) been identified. 
 To counteract the PTGS-based defense pathway of their hosts, viruses have evolved to 
code for a vast array of proteins (called suppressors) that hinder proper functioning of the 
pathway at very different points (for a review see Scholthof, 2007). These suppressors may 
also negatively affect the PTGS-based developmental pathway that shares components with 
the parallel antiviral pathway and, indirectly, incite the symptoms associated with many virus 
infections (Kasschau et al., 2003). However, some plant viruses that do not encode 
suppressors can still suppress PTGS as a consequence of sequestering for its replication 
enzymes involved in the biogenesis of the siRNAs and the microRNAs (Takeda et al., 2005). 
It is thus feasible that non-protein coding replicons, like viroids, could similarly interfere with 
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the PTGS machinery of their hosts and through this means induce disease symptoms. 
Therefore, in addition to being inducers and targets, viroids might be also suppressors of 
PTGS. 
 Finally, and also in this same framework, the secondary structure of viroids could have 
emerged as a tradeoff between resistance to DCLs and RISC, which act preferentially against 
RNAs with compact and relaxed secondary structures, respectively. Compartmentation, 
association with proteins or active replication, might additionally help viroids eluding their 
host PTGS machinery (Flores et al., 2005; Carbonell et al., 2008). 
 
Cross-protection between viroids 
 Data showing that pre-inoculation of tomato plants with a mild strain of PSTVd conferred 
protection against ensuing challenge inoculation with a severe strain of the same viroid 
(Fernow, 1967), were reported even before the unique properties of this infectious agent were 
unveiled, and a similar situation occurred with CChMVd in chrysanthemum (Horst, 1975). 
These observations, which had practical implications, were then interpreted as further 
instances of cross-protection between viruses, wherein this phenomenon had been described 
previously. Subsequent experiments involving co-inoculations with pair of viroids that 
included CSVd, CEVd, and a mild and a severe strain of PSTVd (then already identified as 
viroids) confirmed the existence of cross protection but, intriguingly, an analogous effect was 
not observed with the agent of CChM disease, suggesting that it might have a peculiar nature 
(Niblett et al., 1978). Understanding this latter observation had to await molecular 
characterization of CChMVd as a member of the family Avsunviroidae (Navarro and Flores, 
1997), in contrast to CSVd, CEVd and PSTVd that belong to the family Pospiviroidae. 
Further co-inoculation studies with specific CChMVd-S and -NS variants (see above) 
revealed that the infected plants remained asymptomatic only when the NS variant was in a 
100- to 1000-fold excess (De la Peña and Flores, 2002), thus substantiating the higher fitness 
of the S variant and providing an explanation for the initial cross-protection results (Horst, 
1975). 
 Because viroid (and virus) cross-protection is sequence-specific and because viroids 
appear to be sensitive to RISC, which affords sequence-specificity to the RNA silencing 
machinery, cross-protection may well be an additional manifestation of a PTGS-based 
pathway that defends plants against severe strains of viroids (and viruses). Within this 
framework, viroid cross-protection is easily interpreted by assuming that the vd-sRNAs 
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resulting from the pre-inoculated mild strain load and guide RISC against the incoming RNA 
of the challenging severe strain (Flores et al., 2005; Carbonell et al., 2008). 
 
Acknowledgements 
 I would like to thank present and past members of my laboratory for their contributions, 
and the Ministerio de Ciencia e Innovación (BFU2008-03154/BMC) and Generalidad 
Valenciana (ACOMP/2009/151) for financial support. 
 11 
Literature cited 
Adams, A.N., Barbara, D.J., Morton, A. and Darby, P. 1996. The experimental transmission 
of hop latent viroid and its elimination by low temperature treatment and meristem culture. 
Ann. Appl. Biol. 128:37-44. 
Baulcombe, D. 2004. RNA silencing in plants. Nature 431:356-363. 
Bostan, H., Nie, X.Z. and Singh, R.P. 2004. An RT-PCR primer pair for the detection of 
pospiviroid and its application in surveying ornamental plants for viroids. J. Virol. 
Methods 116:189-193. 
Branch, A.D., Benenfeld, B.J. and Robertson, H.D. 1988. Evidence for a single rolling circle 
in the replication of potato spindle tuber viroid. Proc. Natl. Acad. Sci. USA 85:9128-9132. 
Carbonell, A., Martínez de Alba, A.E., Flores, R. and Gago, S. 2008. Double-stranded RNA 
interferes in a sequence-specific manner with infection of representative members of the 
two viroid families. Virology 371:44-53. 
Daròs, J.A., Marcos, J.F., Hernández, C. and Flores, R. 1994. Replication of avocado 
sunblotch viroid: evidence for a symmetric pathway with two rolling circles and 
hammerhead ribozyme processing. Proc. Natl. Acad. Sci. USA 91:12813-12817. 
Daròs, J.A. and Flores, R. 1995. Identification of a retroviroid-like element from plants. Proc. 
Natl. Acad. Sci. USA 92:6856-6860. 
De la Peña, M., Navarro, B. and Flores, R. 1999. Mapping the molecular determinat of 
pathogenicity in a hammerhead viroid: a tetraloop within the in vivo branched RNA 
conformation. Proc. Natl. Acad. Sci. USA 96:9960-9965. 
De la Peña, M. and Flores, R. 2002. Chrysanthemum chlorotic mottle viroid RNA: dissection 
of the pathogenicity determinant and comparative fitness of symptomatic and non-
symptomatic variants. J. Mol. Biol. 321:411-421. 
Diener, T.O. 1972. Potato spindle tuber viroid VIII. Correlation of infectivity with a UV-
absorbing component and thermal denaturation properties of the RNA. Virology 50:606-
609. 
Diener, T.O. 2003. Discovering viroids – a personal perspective. Nat. Rev. Microbiol. 1:75-
80. 
Diener, T.O. and Lawson, R.H. 1973. Chrysanthemum stunt: a viroid disease. Virology 51:94-
101. 
Dimock, A.W., Geissinger, C.M. and Horst, R.K. 1971. Chlorotic mottle: a newly recognized 
disease of chrysanthemum. Phytopathology 61:415-419. 
 12 
Ding, B., Itaya, A. and Zhong, X. 2005. Viroid trafficking: a small RNA makes a big move. 
Curr. Opin. Plant Biol. 8:606-612. 
Ding, B. and Itaya, A. 2007. Viroid: a useful model for studying the basic principles of 
infection and RNA biology. Mol. Plant-Microbe Interact. 20:7-20. 
Di Serio, F. 2007. Identification and characterization of potato spindle tuber viroid infecting 
Solanum jasminoides and S. rantonnetii in Italy. J. Plant Pathol. 89:297-300. 
Fernow, K.H. 1967. Tomato as a test plant for detecting mild strains of potato spindle tuber 
virus. Phytopathology 57:1347-1352. 
Flores, R., Durán-Vila, N., Pallás, V. and Semancik. J.S. 1985. Detection of viroid and viroid-
like RNAs from grapevine. J. Gen. Virol. 66:2095-2102. 
Flores, R., Hernández, C., Martínez de Alba, E., Daròs, J.A. and Di Serio, F. 2005. Viroids 
and viroid-host interactions. Annu. Rev. Phytopathol. 43:117-139. 
Gross, H.J., Domdey, H., Lossow, C., Jank, P., Raba, M., Alberty, H. and Sänger, H.L. 1978. 
Nucleotide sequence and secondary structure of potato spindle tuber viroid. Nature 
273:203-208. 
Hadidi, A. and Yang, X. 1990. Detection of pome fruit viroids by enzymatic DNA 
amplification. J. Virol. Methods 30:261-270. 
Hammond, R., Smith, D.R. and Diener, T.O. 1989. Nucleotide-sequence and proposed 
secondary structure of columnea latent viroid: a natural mosaic of viroid sequences. 
Nucleic Acids Res. 17:10083-10094. 
Haseloff, J. and Symons R.H. 1981. Chrysanthemum stunt viroid – primary sequence and 
secondary structure. Nucleic Acids Res. 9:2741-2752. 
Hegedus, .K, Dallmann, G. and Balazs, E. 2004. The DNA form of a retroviroid-like element 
is involved in recombination events with itself and with the plant genome. Virology 
325:277-286. 
Henkel, J. and Sänger H.L. 1995. NCBI GenBank Accession Z68201. 
Hernández, C. and Flores, R. 1992. Plus and minus RNAs of peach latent mosaic viroid self-
cleave in vitro via hammerhead structures. Proc. Natl. Acad. Sci. USA 89:3711-3715. 
Hernández, C., Daròs J.A., Elena, S.F., Moya, A. and Flores, R. 1992. The strands of both 
polarities of a small circular RNA from carnation self-cleave in vitro through alternative 
double- and single-hammerhead structures. Nucleic Acids Res. 20:6323-6329. 
Horst, R.K. 1975. Detection of a latent infectious agent that protects against infection by 
chrysanthemum chlorotic mottle viroid.  Phytopathology 65:1000-1003. 
 13 
Horst, R.K., Langhans, R.W. and Smith, S.H. 1977. Effects of chrysanthemum stunt, 
chlorotic mottle, aspermy and mosaic on flowering and rooting of chrysanthemum. 
Phytopathology, 67:9-14. 
Hutchins, C., Rathjen, P.D., Forster, A.C. and Symons, R.H. 1986. Self-cleavage of plus and 
minus RNA transcripts of avocado sunblotch viroid. Nucleic Acids Res. 14:3627-3640. 
Itaya, A., Folimonov, A., Matsuda, Y., Nelson, R.S. and Ding, B. 2001. Potato spindle tuber 
viroid as inducer of RNA silencing in infected tomato. Mol. Plant-Microbe Interact. 
14:1332-1334. 
Itaya, A., Zhong, X., Bundschuh, R., Qi, Y., Wang, Y., Takeda, R., Harris, A.R., Molina, C., 
Nelson, R.S. and Ding, B. 2007. A structured viroid RNA is substrate for Dicer-like 
cleavage to produce biologically active small RNAs but is resistant to RISC-mediated 
degradation. J. Virol. 81:2980-2994. 
Kasschau, K.D., Xie, Z.X., Allen, E., Llave, C., Chapman, E.J., Krizan, K.A. and Carrington, 
J.C. 2003. P1/HC-Pro, a viral suppressor of RNA silencing, interferes with Arabidopsis 
development and miRNA function. Devel. Cell 4:205-217. 
Lizárraga, R.E., Salazar, L.F., Roca, W.M. and Schilde-Rentschler, L. 1980. Elimination of 
potato spindle tuber viroid by low-temperature and meristem culture. Phytopathology, 
70:754-755. 
Martín, R., Arenas, C., Daròs, J.A., Covarrubias, A., Reyes, J.L. and Chua, N.H. 2007. 
Characterization of small RNAs derived from citrus exocortis viroid (CEVd) in infected 
tomato plants. Virology 367:135-146. 
Martínez de Alba, A.E., Flores, R. and Hernández, C. 2000. Two chloroplastic viroids induce 
the accumulation of the small RNAs associated with post-transcriptional gene silencing. J. 
Virol. 76:3094-3096. 
Menzel, W. and Maiss, E. 2000. Detection of chrysanthemum stunt viroid (CSVd) in cultivars 
of Argyranthemum frutescens by RT-PCR-ELISA. J. Plant Dis. and Prot. 107:548-552. 
Nakashima, A., Hosokawa, M., Maeda, S. and Yazawa, S. 2007. Natural infection of 
chrysanthemum stunt viroid in dahlia plants. J. Gen. Plant Pathol. 73:225-227. 
Navarro, B., and Flores, R. 1997. Chrysanthemum chlorotic mottle viroid: unusual structural 
properties of a subgroup of viroids with hammerhead ribozymes. Proc. Natl. Acad. Sci. 
USA 94:11262-11267. 
Navarro, B., Darós, J.A. and Flores, R. 1998. A general strategy for cloning viroids and other 
small circular RNAs that uses minimal amounts of template and does not require prior 
knowledge of its sequence. J. Virol. Methods 56:59-66. 
 14 
Niblett, C.L., Dickson, E., Fernow, K.H., Horst, R.K. and Zaitlin, M. 1978. Cross-protection 
among four viroids. Virology 91:198-203. 
Nie, X.Z., Singh, R.P. and Bostan, H. 2005. Molecular cloning, secondary structure, and 
phylogeny of three pospiviroids from ornamental plants. Can. J. Plant Pathol. 27:592-602. 
Papaefthimiou, I., Hamilton, A.J., Denti, M.A., Baulcombe, D.C., Tsagris, M. and Tabler, M. 
2001. Replicating potato spindle tuber viroid RNA is accompanied by short RNA 
fragments that are characteristic of post-transcriptional gene silencing. Nucleic Acids Res. 
29:2395-2400. 
Owens, R.A. and Diener, T.O. 1981. Sensitive and rapid diagnosis of potato spindle tuber 
viroid disease by nucleic acid hybridization. Science 213:670-672. 
Querci, M., Owens, R.A., Bartolini, I., Lazarte, V. and Salazar, LF. 1997. Evidence for 
heterologous encapsidation of potato spindle tuber viroid in particles of potato leafroll 
virus. J. Gen. Virol. 78:1207-1211. 
Rivera-Bustamante, R.F., Gin, R. and Semancik, J.S. 1986. Enhanced resolution of circular 
and linear molecular forms of viroid and viroid-like RNA by electrophoresis in a 
discontinuous-pH system. Anal. Biochem. 156:91-95 
Rodio, M.E., Delgado, S., De Stradis, A., Gómez, M.D., Flores, R. and Di Serio F. 2007. A 
viroid RNA with a specific structural motif inhibits chloroplast development. Plant Cell 
19:3610-3626. 
Romaine, C.P. and Horst, R.K. 1975. Suggested viroid etiology for chrysanthemum chlorotic 
mottle disease. Virology 64:86-95. 
Sänger, H.L. and Ramm, K. 1975. Radioactive labeling of viroid RNA. p.299-252. In: R. 
Markham, D.R. Davies, D.A. Hopwood, and R.W. Horne (eds.), Modification of the 
Information Content of Plant Cells, North Holland, Amsterdam, The Netherlands. 
Sänger, H.L. 1988. Viroids and viroid diseases. Acta Hortic. 234:79-87. 
Sänger, H.L. and Spieker, R.L. 1997. RNA recombination between viroids. p.13. In: Plant 
Viroids and Viroid-like Satellite RNAs from Plants, Animals and Fungi, Instituto Juan 
March de Estudios e Investigaciones, Madrid, Spain. 
Scholthof, H. B. 2007. Heterologous expression of viral RNA interference suppressors: RISC 
management. Plant Physiol. 145:1110-1117. 
Semancik, J.S. and Weathers, L.G. 1972. Exocortis disease: evidence for a new species of 
“infectious” low molecular weight RNA in plants. Nature New Biol. 237:242-244. 
 15 
Singh, R.P. 2006. Reassessment of the presence of viroid species of the genus Pospiviroid in 
infected floral parts, using reverse transcription-polymerase chain reaction and infectivity 
assays. Can. J. Plant Pathol. 28:242-249. 
Singh, R.P., Boucher, A. and Singh, A. 1991. High-incidence of transmission and occurrence 
of a viroid in commercial seeds of coleus in Canada. Plant Dis. 75:184-187. 
Singh, R.P., Lakshman, D.K., Boucher, A. and Tavantzis, S.M. 1992. A viroid from 
Nematanthus wettsteinii plants closely related to the columnea latent viroid. J. Gen. Virol. 
73:2769-2774. 
Singh, R.P. and Baranwal, V.K. 2006. Symptomless expression of citrus exocortis viroid in 
ornamental plant species, Impatiens and Verbena, may be a potential threat to potato and 
tomato crops. Can. J. Plant Pathol. 28:364-364. 
Singh, R.P., Dilworth, A.D., Baranwal, V.K., Baranwal, V.K. and Gupta, K.N. 2006. 
Detection of citrus exocortis viroid, iresine viroid, and tomato chlorotic dwarf viroid in 
new ornamental host plants in India. Plant Dis. 90:1457-1457. 
Spieker, R.L. 1996a. A viroid from Brunfelsia undulata closely related to the columnea latent 
viroid. Arch. Virol. 141:1823-1832. 
Spieker, R.L. 1996b. The molecular structure of Iresine viroid, a new viroid species from 
Iresenine herbstii (‘beefsteak plant). J. Gen Virol. 77:2631-2635. 
Tabler, M. and Tsagris, M. 2004. Viroids: petite RNA pathogens with distinguished talents. 
Trends Plant Sci. 9:339-348. 
Takeda, A., Tsukuda, M., Mizumoto, H., Okamoto, K., Kaido, M., Mise, K. and Okuno, T. 
2005. A plant RNA virus supresses RNA silencing through viral RNA replication. EMBO J. 
34:3147-3157. 
Verhoeven, J.T.J., Arts, M.S.J., Owens, R.A. and Roenhorst, J.W. 1998. Natural infection of 
petunia by chrysanthemum stunt viroid. Eur. J. Plant Pathol. 104:383-386. 
Verhoeven, J.T.J., Jansen, C.C.C., Willemen, T.M., Kox, L.F.F., Owens, R.A. and Roenhorst, 
J.W. 2004. Natural infections of tomato by citrus exocortis viroid, columnea latent viroid, 
potato spindle tuber viroid and tomato chlorotic dwarf viroid. Eur. J. Plant Pathol. 110: 
823-831. 
Verhoeven, J.T.J., Jansen, C.C.C. and Roenhorst, J.W. 2006. First report of potato virus M 
and chrysanthemum stunt viroid in Solanum jasminoides. Plant Dis. 90:1359. 
Verhoeven, J.T.J., Jansen, C.C.C., Werkman, A.W. and Roenhorst, J.W. 2007. First report of 
tomato chlorotic dwarf viroid in Petunia hybrida from the United States of America. Plant 
Dis. 91: 324-324. 
 16 
Verhoeven, J.T.J., Jansen, C.C.C. and Roenhorst, J.W. 2008a. First report of pospiviroids 
infecting ornamentals in the Netherlands: citrus exocortis viroid in Verbena spp., potato 
spindle tuber viroid in Brugmansia suaveolens and Solanum jasminoides, and tomato 
apical stunt viroid in Cestrum spp. Plant Pathol. 57:399. 
Verhoeven, J.T.J., Jansen, C.C.C. and Roenhorst, J.W. 2008b. Streptosolen jamesonii 
'Yellow', a new host plant of potato spindle tuber viroid. Plant Pathol. 57:399. 
Wang, M.B., Bian, X.Y., Wu, L.M., Liu, L.X., Smith, N.A., Isenegger, D., Wu, R.M., Masuta, 
C., Vance, V.B., Watson, J.M., Rezaian, A., Dennis, E.S. and Waterhouse, P.M. 2004. On 
the role of RNA silencing in the pathogenicity and evolution of viroids and viral satellites. 
Proc. Natl. Acad. Sci. USA 101:3275-3280. 
Zhu, Y., Green, L., Woo, Y.M., Owens, R.A. and Ding, B. 2001. Cellular basis of potato 





Table 1. Classification of viroids* 
 
Family   Genus   Name      Abbreviation 
 
Pospiviroidae  Pospiviroid  Potato spindle tuber   PSTVd 
Chrysanthemum stunt   CSVd 
      Citrus exocortis   CEVd 
Columnea latent   CLVd 
Iresine     IrVd 
Mexican papita   MPVd 
Tomato apical stunt   TASVd 
Tomato chlorotic dwarf  TCDVd 
Tomato planta macho  TPMVd 
 
Cocadviroid  Coconut cadang-cadang  CCCVd 
Coconut tinangaja   CTiVd 
Hop latent    HLVd 
Citrus bark cracking viroid  CBCVd 
 
Hostuviroid  Hop stunt    HSVd 
 
Apscaviroid  Apple scar skin   ASSVd  
Apple dimple fruit   ADFVd 
Australian grapevine   AGVd 
Citrus bent leaf   CBLVd 
Citrus dwarfing   CDVd 
Grapevine yellow speckle 1  GVYSVd-1 
Grapevine yellow speckle 2  GYSVd-2 
Pear blister canker   PBCVd 
 
Coleviroid  Coleus blumei 1   CbVd-1 
Coleus blumei 2   CbVd-2 
Coleus blumei 3   CbVd-3 
 
Avsunviroidae  Avsunviroid  Avocado sunblotch   ASBVd 
 
Pelamoviroid   Peach latent mosaic   PLMVd 
Chrysanthemum chlorotic mottle CChMVd 
 
Elaviroid  Eggplant latent   ELVd 
 
 
*Classification according to VIIIth Report of the International Committee on Taxonomy of 
Viruses (ICTV) with minor modifications. ICTV approval of Citrus bark cracking viroid 
and Citrus dwarfing viroid as more informative names for Citrus viroid IV and Citrus 
viroid III, respectively, is pending. 
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Table 2. Viroids infecting ornamentals plants 
 
PSTVd  Brugmansia suaveolens 
Solanum jasminoides 
Solanum rantonnetii 
   Streptosolen jamesonii 
 








CEVd   Impatiens spp. 
Verbena spp. 
 
TASVd   Cestrum spp. 
 
TCDVd   Petunia hybrida 
Verbena spp. 
 








CbVd 1 to 3:  Coleus spp. 
 
HSVd   Codiaeum spp. 
   Hibiscus spp. 
 
CChMVd  Chrysanthemum spp. 
 
